Tbx20 is a member of the T-box transcription factor family expressed in the forming hearts of vertebrate and invertebrate embryos. We report here analysis of Tbx20 expression during murine cardiac development and assessment of DNA-binding and transcriptional properties of Tbx20 isoforms. Tbx20 was expressed in myocardium and endocardium, including high levels in endocardial cushions. cDNAs generated by alternative splicing encode at least four Tbx20 isoforms, and Tbx20a uniquely carried strong transactivation and transrepression domains in its C terminus. Isoforms with an intact T-box bound specifically to DNA sites resembling the consensus brachyury half site, although with less avidity compared with the related factor, Tbx5. Tbx20 physically interacted with cardiac transcription factors Nkx2-5, GATA4, and GATA5, collaborating to synergistically activate cardiac gene expression. Among cardiac GATA factors, there was preferential synergy with GATA5, implicated in endocardial differentiation. In Xenopus embryos, enforced expression of Tbx20a, but not Tbx20b, led to induction of mesodermal and endodermal lineage markers as well as cell migration, indicating that the long Tbx20a isoform uniquely bears functional domains that can alter gene expression and developmental behaviour in an in vivo context. We propose that Tbx20 plays an integrated role in the ancient myogenic program of the heart, and has been additionally coopted during evolution of vertebrates for endocardial cushion development.
Introduction
Genetic pathways guiding lineage specification, differentiation, and morphogenesis in the developing heart are being defined in different model systems, and parallel studies have begun to reveal the underlying genetic basis of congenital heart disease (CHD) (Prall et al., 2002) . It is now clear that normal cardiac development is dependent on the regulated activity of numerous transcription factor genes, including those encoding members of the zinc finger, homoeodomain, T-box, basic helix-loop-helix, and MADS domain families (Cripps and Olson, 2002 ; Harvey, 2002; Zaffran and Frasch, 2002) . These factors act interactively and collaboratively to create a positive feed-forward regulatory circuitry that controls the multiple lineage contributions to the heart, as well as responses to intrinsic and extrinsic inductive influences that establish pattern and guide morphogenesis. Transcriptional repression and negative feedback loops are also important elements of the cardiac circuitry (Chen et al., 2002; Habets et al., 2002; Jayaseelan et al., 1997; Zou et al., 1997) .
Members of the T-box family of transcription factors play an important role in cardiac development, and mutations in T-box genes are associated with CHD (Bruneau et al., 2001; Habets et al., 2002; Horb and Thomsen, 1999; Jerome and Papaioannou, 2001; Li et al., 1997; Basson et al., 1997; Lindsay et al., 2001; Merscher et al., 2001) . To date, 18 members of the T-box family have been identified in mammals, and these are expressed early in development predominantly in mesodermal and endodermal lineages. A number of striking phenotypes in mice lacking individual T-box genes have now been described. Tbx6 is normally expressed in paraxial mesoderm, and in homozygous Tbx6 mutant embryos, presomitic mesoderm is diverted toward a neural fate, leading to formation of two additional neural tubes (Chapman and Papaioannou, 1998) . A null mutation in the gene for eomeseodermin (eomes) is characterised by failure of specification of trophoblast from trophectoderm and a block to migration of mesodermal cells into the primitive streak at gastrulation (Russ et al., 2000) . This latter phenotype and other loss-of-function phenotypes in mouse, frog, and zebrafish embryos highlight a potentially important role for T-box factors in regulation of cell migration (Griffin et al., 1998 ; Russ et al., 2000; Tada and Smith, 2000; Yamomoto et al., 1998) . Indeed, 1 candidate target gene of the zebrafish T-box factor spadetail is the paraxial protocadherin gene papc, which is essential and to some degree sufficient for cell convergence and extension movements during gastrulation (Yamomoto et al., 1998) . Other documented roles for T-box genes include specification of endoderm (Engleka et al., 2001; Xanthos et al., 2001 ) and mesoderm (Ciruna and Rossant, 2001; Cunliffe and Smith, 1992; Kofron et al., 1999; Stennard et al., 1996) , dorsal/ ventral patterning in the retina (Koshiba-Takeuchi et al., 2000) , determination of forelimb/hindlimb identity (Gibson-Brown et al., 1996; Isaac et al., 1998; Logan and Tabin, 1999; Takeuchi et al., 1999) , and control of proliferation (Hatcher et al., 2001) . Normal human embryonic development is critically dependent on T-box gene function, as highlighted by the causative link between mutations in TBX1, TBX3, TBX5, TBX19, and TBX22 with DiGeorge, Ulnar Mammary, and Holt Oram Syndromes, ACTH deficiency, and cleft palate/ankyloglossia, respectively (Packham and Brook, 2003) .
Holt Oram Syndrome (HOS) is an autosomal dominant disorder characterised by upper limb abnormalities in association with CHD (OMIM 142900; http://www.ncbi.nlm. nih.gov/omim/). CHD features include atrial and ventricular septal defects and conduction abnormalities, as well as complex conditions such as Tetralogy of Fallot and hypoplastic left heart syndrome. Heterozygous mutations in the T-box factor gene TBX5 have been found to underlie HOS (Basson et al., 1997; Li et al., 1997) . Mouse and chick Tbx5 are expressed in the embryonic heart from cardiac crescent stages onwards and in developing forelimbs (Bruneau et al., 1999; Liberatore et al., 2000) . In the forming heart, Tbx5 expression is graded along the long axis of the heart, with highest levels in the caudal region encompassing progenitors of the sinus venosus and common atrium (Bruneau et al., 1999) . The caudal synthesis and graded distribution of the signalling morphogen, retinoic acid (RA), is critical for formation of the sinuatrial component of the heart (Niederreither et al., 2001 ) and may be responsible for the Tbx5 transcript gradient (Liberatore et al., 2000; Niederreither et al., 2001) . The graded distribution of Tbx5 transcripts in the heart and the presence of human disease states associated with haploinsufficiency for T-box factors suggest that cellular responses to T-box factors in development may be dose-sensitive (Hatcher et al., 2001; Liberatore et al., 2000; Vaughan and Basson, 2001) . Homozygous Tbx5 knockout embryos show severe hypoplasia of both the sinuatrial region and ventricles of the heart (Bruneau et al., 2001) . Tbx5 can physically interact with Nkx2-5, a cardiac homeodomain factor essential for chamber formation in the developing heart (Harvey, 2002; Lyons et al., 1995; Tanaka et al., 1999) , and these factors can synergistically activate expression of the atrial natriuretic factor gene (Nppa) in vitro (Bruneau et al., 2001; Hiroi et al., 2001) . Indeed, Nppa is downregulated in the absence of both Tbx5 and Nkx2-5 in vivo Bruneau et al., 2001; Tanaka et al., 1999) . Further evidence that Tbx5 and Nkx2-5 act in a common regulatory pathway comes from the overlapping spectrum of cardiac defects in humans with Holt Oram Syndrome and with heterozygous NKX2-5 mutations (Elliott et al., 2003; Goldmuntz et al., 2001; Prall et al., 2002) .
Another cardiac member of the T-box gene family, Tbx20, has recently been described (Carson et al., 2000; Griffin et al., 2000; Kraus et al., 2001b; Meins et al., 2000) . Tbx20 is expressed in the early cardiac progenitor region and forming heart in the fly, zebrafish, and mouse, raising the possibility that Tbx20 is a conserved component of an ancient core myogenic program (Bodmer and Venkatesh, 1998; Cripps and Olson, 2002; Harvey, 1996; Zaffran and Frasch, 2002) . Phylogenetic analysis places Tbx20 within the Tbx1 subfamily most closely related to Tbx15 and Tbx18, and in a distinct subfamily to that of Tbx5 (Meins et al., 2000; Papaioannou and Silver, 1998) . In zebrafish, Tbx20 is coexpressed with cardiac factors Nkx2-5 and gata4, not only in cardiogenic mesoderm as in other models, but also in noncardiac mesoderm adjacent to the tail bud (Griffin et al., 2000) . Reduction of Tbx20/hrT levels by morpholino oligonucleotide experiments results in a failure of cardiac looping and defects in chamber morphology and gene expression (Szeto et al., 2002) .
In this paper, we examine in detail the expression of mouse Tbx20 during cardiac development and assess the DNA-binding and transcriptional properties of the Tbx20 protein in vitro and in vivo. We demonstrate dynamic expression of Tbx20 in myocardium and endocardium and the ability of Tbx20 protein to activate transcription of cardiac genes through direct and synergistic interactions with cardiac transcription factors Nkx2-5, GATA4, and GATA5. Our data suggest an important role for Tbx20 in the ancient core myogenic program of the heart, and a coopted role in endocardial cushion development.
Materials and methods

Primers and cDNA library
The E10.5 mouse heart cDNA library in the pBK-CMV phagemid vector (Strategene) was a kind gift of R. Lyons (Garvan Institute of Medical Research, Sydney). Primers used in cloning of mouse Tbx20 cDNAs are available upon request. Primers for PCR detection of Tbx20 isoforms were as follows: Tbx20a: 5Ј-gtgagtggatccgagagcctgatccagaagcattcc-3Ј and 5Ј-cagactgaattcatggtgtcatcacagcggaggag-3Ј; Tbx20b: 5Ј-ggaatgaggtcttgttctagaaag-3Ј and 5Ј-gtggtaaagaaagcaagacaatatg-3Ј.
In situ hybridisation and immunohistochemistry
Whole-mount in situ hybridisation was performed as described . The Tbx20 probe was a 890-bp BamHI fragment covering the 5Јutr and first 425 bp of the coding region. For immunodetection of Tbx factors and Nkx2-5, C3H 10T1/2 cells were transfected on coverslips and, after 24 -36 h, were fixed in 4% PFA containing 4Ј,6Ј-diamidino-2-phenylindole hydrochloride (DAPI) and processed as described (Palmer et al., 2001) . Antibodies for immunofluorescence were: anti-haemagglutinin epitope (HA) mouse mAb (1:100; Roche); anti-FLAG epitope mouse mAb (1:300; FLYTAG, Silenus); antiNkx2-5 rabbit IgG fraction (1:50) (Ranganayakulu et al., 1998) ; anti mouse IgG-Alexa fluora 555 (1:450; Molecular Probes); anti mouse IgG-FITC (1:300; Sigma); and antirabbit IgG-FITC (1:300; Sigma).
Western blotting analysis
Western analysis was performed as described (Palmer et al., 2001 ) using: anti-GATA4 goat polyclonal IgG (1:1000; C20; Santa Cruz Biotechnology) with anti-goat IgG-horseradish peroxidase (HRP) (1:3000; Sigma); anti-GATA5 (1: 10000) and anti-GATA6 rabbit polyclonal sera (1:3000; gift of E. Morrisey, University of Pennsylvania) with anti rabbit IgG-HRP (1:10000; Amerhsam Pharmacia Biotech); and anti-HA mouse mAb (1:1000; Boehringer) with anti mouse IgG-HRP (1:2000; Silenus).
GST pull-down analysis
For production of glutathione S-transferase (GST) fusion proteins, cDNAs encoding full-length Tbx20a and Tbx20b, the Tbx20 T-box (aa 103-287), and GATA4 zinc finger domain fragments (GATA4N: aa 199 -264; GATA4C: aa 244 -331; GATA4N ϩ C: aa 199 -331) were cloned into pGEX-2T or pGEX4T-2 vectors (Amersham Pharmacia Biotech) and plasmids were transformed into Escherichia coli (BL21pLysS). Fusion proteins were purified on glutathione-Sepharose 4B resin (Amersham Pharmacia Biotech). For pull-down analyses, 2-5 g of purified GST-fusion protein was incubated with 2 l [ 35 S]-radiolabelled target protein synthesised in vitro using the TNT R Quick Coupled System (Promega), and 30 l glutathione-Sepharose 4B resin (Amersham Pharmacia Biotech) for 1 h in 300 l buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl, 2.5 mg/ml BSA, 10 M ZnSO 4 , 0.5% NP-40) at 4°C. Resin was washed five times in binding buffer; then bound protein was subjected to SDS-polyacrylamide gel electorphoresis and visualised by autoradiography. Nkx2-5 and Gata4 cDNAs were in pGEM7Z ϩ (Promega), Oct1 cDNA in pBS (gift of L. Corcoran, Walter and Eliza Hall Institute of Medical Research, Melbourne), and Gata5 cDNA in pcDNAI/Amp (gift of T. Evans, Albert Einstein College of Medicine, New York). Nkx2-5 mutants in pCDNA3 encoded: Nkx2-5⌬A (aa 203-318 deleted); Nkx2-5⌬B (aa 202-232 deleted); Nkx2-5⌬C (frame shift mutation from aa 184); Nkx2-5⌬D (frame shift mutation from aa 141); and Nkx2-5⌬E (aa 129 -164 deleted).
Yeast analyses
DNA fragments for yeast analyses were cloned into the pAS2.1 (bait) vector (MATCHMAKER GAL4 Two Hybrid System 3; Clontech). Assays were performed according to manufacturer's instructions.
Electromobility shift assays
Probe oligonucleotide (100 ng) was end-labelled with [␥ 32 -P]ATP by using polynucleotide kinase (New England Biolabs), annealed, gel-purified, and quantified. Bacterially expressed GST-fusion proteins were purified free of GST by column-cleavage using 5 U/ml thrombin (Amersham Pharmacia Biotech) at 4°C overnight. For low stringency EMSA conditions, probes were incubated with fusion protein (100 ng) and 0.01 g/l polydeoxyinosinic-deoxycytidylic acid (polydIdC) (Sigma) in buffer [final conditions: 10% glycerol, 10 g/ml BSA, 75 mM NaCl, 25 mM Hepes, 1 mM MgCl 2 , 0.2 mM EDTA, 0.1% NP-40, 1 mM DTT, Complete protease inhibitors (Roche)] for 30 min at RT, then electrophoresed through a 4.5% (37.5:1) acrylamide/bis (Bio-Rad) gel in 0.2 ϫ TBE, 2.5% glycerol running buffer at 150V for 1 h at 4°C. High stringency assays were performed as above, but gels were run in 4.5% (29:1) acrylamide/bis in 0.5 ϫ TBE or Tris Glyine buffer as described (Kasahara et al., 2000) .
Transient transfections
Plasmids used for transient transfections were: pCMV HA-Tbx20a/b/c (full-length Tbx20a/b/c cDNAs in pCDNA3.1, (Invitrogen); pEFLAG-Tbx5 (full-length Tbx5 cDNA in pEF FLAG A; Palmer et al., 2001) ; pEF FLAGNkx2-5 (Ranganayakulu et al., 1998) ; pMT2-mouseGATA4 (Arceci et al., 1993) ; mouseGATA5 in pcDNAI/Amp (gift of T Evans). COS7 or C3H 10T1/2 cells were plated at 1.5-1.75 ϫ 10 6 cells/well in six-well tissue culture plates 24 h before transfection. Plasmid DNA comprising 0.37 g expression vector as well as 0.32 g luciferase reporter plasmid and 0.16 g LacZ reporter plasmid (Ranganayakulu et al., 1998) was transfected by using Lipofectamine and Lipofectamine PLUS (GIBCO BRL) according to the manufacturer's instructions. Cells were harvested after 36 h. Plasmid pANF-700-luc was the gift of M Nemer (Institut de Recherches de Montreal, Canada). The Gja-luciferase reporter (in pGL3basic; Promega) carried a fragment covering Ϫ150 to ϩ 121 bp relative to the start site of transcription (M.W.C. manuscript in preparation). For repression assays in C3H 10T1/2 cells, regions encoding the Tbx20 C-terminal domain and deletions were cloned into EcoRI/BamHI restricted SV40Gal 0 (Sadowski and Ptashne, 1989) , and cotransfected with pG5E1bLuc (Seth et al., 1992) and pSV-␤-Galactosidase Control vector (Promega).
Results
Cloning of Tbx20 cDNAs and analysis of alternatively spliced isoforms
A partial Tbx20 cDNA fragment was amplified by polymerase chain reaction (PCR) from embryonic day 8.0 (E8.0) mouse heart cDNA using oligonucleotide primers homologous to the Tbx20 T-box sequences of zebrafish and man (Griffin et al., 2000; Meins et al., 2000) . This fragment was used to screen a mouse E10.5 heart cDNA library, and three classes of Tbx20 cDNA were isolated (Tbx20a, b, c) . Fig.  1A and B show, respectively, a diagrammatic representation of the proteins encoded by these cDNAs and the arrangement of their exons on a map of the mouse Tbx20 gene compiled from genome data using Ensembl (http://www. ensembl.org) (Clamp et al., 2003) . The Tbx20a cDNA was identical to one previously reported (Kraus et al., 2001b) (GenBank AF306667) and encodes a 445-amino-acid (aa) protein containing a centrally located T-box flanked by Nand C-terminal domains of 102 and 158 aa, respectively (Fig. 1A) . Tbx20b and c encoded shorter isoforms of approximately 300 aa, both terminating soon after the T-box and therefore lacking virtually all of the C-terminal domain found in Tbx20a. Of these, Tbx20b is equivalent to one already published (Meins et al., 2000) (GenBank AJ277486), while Tbx20c is newly described. Comparative PCR analysis showed that Tbx20a and Tbx20b are coexpressed during heart development and in atria and ventricles of the adult heart, although Tbx20a transcript levels appeared considerably more abundant than those of Tbx20b (Fig. 1C ).
An EST from an E13.0 mouse embryonic heart library (GenBank BB480212) suggested that an additional alternatively spliced Tbx20 mRNA was expressed (Tbx20d; Fig.  1A ). This isoform would encode a 281-aa protein with a truncated T-box and no C-terminal domain. A putative exon corresponding to the unique 3Ј region of this cDNA was found within the Tbx20 gene ( Fig. 1A and B) . However, given that only a single EST was found in the database, it remains unclear as to whether the splicing event that generated this cDNA was genuine or cryptic. Tbx20d is unlikely to bind DNA since the C-terminal 17 aa of the T-box eliminated by the splicing event carries the conserved peptide NPFAK, predicted to be involved in DNA binding (Muller and Herrmann, 1997) .
Expression of Tbx20 in normal and mutant embryos
Previous studies have documented Tbx20 expression in the embryonic/extraembryonic junctional region of mouse gastrula-stage embryos, then in the allantois, amnion, chorion, and cardiac crescent region at headfold stages (Carson et al., 2000; Kraus et al., 2001b) . In the developing heart, expression was found from early heart tube stages in myocardium, with lower levels evident in endocardium. One report, however, suggested that expression was restricted to endocardial cushions before initiation of expression in myocardium at E10.5 (Meins et al., 2000) .
We documented in detail the cardiac expression of Tbx20 in normal mouse embryos at E8.0 -E10.5 using wholemount in situ hybridisation and a probe detecting all isoforms. Strong expression in the heart region was evident at all stages ( Fig. 2A-C) , confirming previous data (Carson et al., 2000; Kraus et al., 2001b) . The Tbx20 transcript pattern in E8.5 hearts was graded along the long axis, with highest levels caudally ( Fig. 2A) . There was also a small isolated domain of expression in the outflow tract (OFT) at this stage. By E10.5, expression appeared to be enhanced in the atrioventricular canal (AVC) and OFT, regions associated with endocardial cushion formation (Fig. 2C) .
Histological sections of whole-mount embryos revealed Tbx20 expression in the myocardial layer of the forming heart tube (ϳE8.0), with highest levels at the ventral side (Fig. 3A) . Thus, expression of Tbx20 was regionalised from the outset. By E8.5, expression was clearly evident in both myocardium and endocardium (Fig. 3B ). In both cell layers, there was higher expression in the outer compared with inner curvature and highest overall levels in endocardium associated with forming endocardial cushions in the AVC and OFT. This restriction was even more evident at E9.0 ( Fig. 3C and D) and E9.5 (Fig. 3E ). Tbx20 was also strongly expressed in the endothelial cells that had delaminated and migrated into the cushion extracellular matrix (Fig. 3E, I , and J). By E10.5, high levels of Tbx20 expression were detected in endocardial cushions of the AVC and OFT and also in the cellularised cushions at the leading edge of the developing atrial septum primum (Webb et al., 1998) (Fig. 3G and H) .
Another notable feature of Tbx20 expression was its evolution in precursors of ventricular myocardium, located in a discreet domain at the outer curvature of the looping heart (Christoffels et al., 2000; Palmer et al., 2001 ). Expression was higher in ventricular progenitors at the outer curvature compared with cells of the inner curvature at E8.5, although defined boundaries demarcating chamber progenitors were lacking and expression was contiguous with nonchamber myocardium in the AVC ( Fig. 3B and C). Expression was also high in the earliest trabecular projections at E9.0 ( Fig. 3B-D) . However, at E9.5, while expression remained high in the outer cell layer of this region, which is the more proliferative and less-differentiated layer (Pasumarthi and Field, 2002) , it was very weak in the more differentiated trabeculae (Fig. 3E ). This pattern contrasted that of Tbx5 expression. Tbx5 transcripts were also graded along the long axis of the heart in a caudal-high pattern, but expression remained high in trabeculae ( Fig. 3F) (Bruneau et al., 1999) . The patterns of Tbx20 and Tbx5 expression also differed in cranial and caudal regions of the heart and in endocardium. No expression of Tbx5 was seen in the OFT or right ventricle (Bruneau et al., 1999) and in the common atrium, while Tbx20 transcripts were largely restricted to the outer (ventral) curvature, those of Tbx5 were present throughout this chamber extending dorsally into mesocardium and ventrally into the septum transversum ( Fig. 3G and H). Also in contrast to Tbx20, Tbx5 expression was always the strongest in myocardium, and expression in endocardial cushions was extremely weak or absent (Fig.  3F ). By E10.5, Tbx20 expression had become very low throughout the myocardial layer, although detectable levels were seen in AVC, OFT, and forming septum primum, where expression in endocardium was still very high (Fig. 3I and J) .
We next examined Tbx20 expression in three mutant mouse models in which embryonic heart patterning and morphogenesis is severely disturbed. Nkx2-5 is a homeodomain transcription factor critical for heart tube morphogenesis and chamber formation, and for normal expression of several other cardiac transcription factor genes, including Hand1, Irx4, Cited1, N-myc, and Msx2 (Biben and Harvey, 1997; Harvey et al., 1999; Lyons et al., 1995; Tanaka et al., 1999) . Both the overall levels of Tbx20 expression and the caudal-high transcript gradient appeared approximately normal in Nkx2-5 null embryos at E8.5-E9.0 (Fig. 2D ). Expression was also roughly normal in hearts of embryos homozygous null for a mutation in the Tbx5 gene (Fig. 2E) , in which looping morphogenesis is blocked and the sinuatrial region is grossly underdeveloped (Bruneau et al., 2001 ). These findings suggest that Tbx20 expression does not fall exclusively under Nkx2-5 or Tbx5 control.
We also examined embryos lacking the retinaldehyde dehydrogenase 2 gene (raldh2), which encodes an enzyme responsible for retinoic acid (RA) synthesis in the early embryo (Ross et al., 2000) . RA is essential for correct caudal heart development, and raldh2 mutants form a squat, unlooped heart tube with indistinct sinuatrial region (Niederreither et al., 2001) . Robust expression of Tbx20 was evident in these embryos, although, as previously noted for Tbx5 expression (Niederreither et al., 2001) , the graded distribution of Tbx20 transcripts was flattened (Fig. 2F) . These data show that RA is not essential for Tbx20 expression in the forming heart tube, although it may regulate the graded distribution of transcripts through enhancement of expression in the sinuatrial region.
Subcellular localisation of Tbx20 protein
The subcellular localisation of transcription factors is regulated by the activity of nuclear localisation or export signals (NLS and NES) and the carrier proteins to which they bind (Silver and Lei, 2002) . We examined the subcellular localisation of haemagglutinin epitope (HA)-tagged Tbx20a expressed from a transfected plasmid in subconfluent C3H 10T1/2 fibroblasts. For comparison, we also examined FLAG epitope (FLAG)-tagged versions of Tbx5 and Nkx2-5, which have been found to be predominantly nuclear in most cell types (Hatcher et al., 2000 (Hatcher et al., , 2001 Kasahara et al., 1998 Kasahara et al., , 2001 ). HA-Tbx20 was clearly nuclear-localised in transfected cells, as indicated by DAPI costaining, but significant levels were also detected in the cytoplasm ( Fig. 4A and B) . In contrast, FLAG-Tbx5 and FLAG-Nkx2-5 were strictly nuclear in this assay (Fig. 4C-F) . The CRM1 protein is critical for nuclear export of proteins containing an NES and is inhibited by the drug leptomycin B (LMB) (Mattaj and Englmeier, 1998) . We found no canonical NES in Tbx20 proteins, and in preliminary experiments, LMB did not diminish the cytoplasmic localisation of HA-Tbx20a expressed from transfected plasmid (data not shown).
The C-terminal region of Tbx20a contains transactivation and transrepression domains
The existence of Tbx20 isoforms lacking the 158-aa C-terminal region present in Tbx20a prompted us to investigate the function of this part of the protein. cDNAs encoding Tbx20a, Tbx20b, or the Tbx20 T-box alone were cloned downstream of sequences encoding the DNA binding domain (DBD) of the yeast GAL4 transactivator protein.
Plasmids were transformed into the AH109 strain of yeast (Saccharomyces cerevisiae) that also carried GAL4-dependent genes which, upon activation, permit growth on nutrient-deficient media. Expression of GAL4Tbx20a supported robust growth, whereas GAL4Tbx20b and GAL4T-box failed to support any growth at all (Fig. 5A ). This suggested that the 158-aa C-terminal domain of Tbx20a was capable of interacting directly or indirectly with the transcriptional machinery. The presence of a transactivation domain Cterminal to the T-box in Tbx20a was confirmed by assessing a GAL4 fusion protein carrying the C-terminal domain alone. As predicted, expression of this fusion protein (GAL4Tbx20a288 -446) resulted in robust growth on selective media (Fig. 5B) . To more precisely define the regions within this domain responsible for transcriptional activation, a series of deletions were constructed and expressed as GAL4 fusion proteins ( Fig. 5B and C) . Deletion of the N-terminal 56 aa (GAL4Tbx20a345-446) abolished growth on selective media, indicating a requirement for transactivation. However, by themselves (Tbx20a288 -344), these 56 aa were sufficient to promote only weak growth compared with the entire C-terminal domain. The addition of a further 34 aa to this region, however, produced activation comparable to the full-length C-terminal domain (GAL4Tbx20a288 -378). Addition of more C-terminal amino acids did not increase growth further (GAL4Tbx20a288-418). Two other constructs (GAL4Tbx20a379 -446 and 345-418) resulted in either no or negligible growth, respectively, consistent with the transactivation domain being localised to at least the 90 N-terminal amino acids of the Tbx20a Cterminal domain.
To examine the transcriptional properties of the C-ter- minal domain of Tbx20a in the context of mammalian cells, the full domain and its deletion series were subcloned into a mammalian GAL4 expression vector (pGalo) and transfected into C3H 10T1/2 fibroblasts. Cells were cotransfected with a plasmid expressing a ␤-galactosidase (LacZ) gene for normalisation of transfection efficiency, and a firefly luciferase reporter plasmid carrying an adenovirus E1b promoter and five GAL4 DNA binding sites. A plasmid expressing the GAL4 DBD fused to the very strong transactivation domain of the Drosophila homeodomain protein tinman (Ranganayakulu et al., 1998 ) was used as a positive control. Expression of a fusion carrying the whole C-terminal domain of Tbx20a (GAL4Tbx20a288 -446) resulted in only a small increase in reporter gene activity over that of the vector control, in contrast to its strong growthpromoting activity in yeast (Fig. 5C ). This suggested the presence of transrepression sequences active only in the mammalian cell culture assay. Indeed, removal of the C-terminal 28 aa from the region in question (construct GAL4Tbx20a288 -418) resulted in a 31-fold stimulation of activity, comparable to that of GAL4tin. Analysis of the other deletions in this series enabled us to position the full activity of the transactivation domain to within the N-terminal 130 aa of the Tbx20a C-terminal region, consistent with the findings in yeast. The presence of both transactivation and transrepression domains in the Tbx20a C terminus (Fig. 1A) suggests fine regulation of the transcriptional activity of Tbx20a in vivo. All other Tbx20 isoforms lacked these domains. Tbx20 expression in embryos at E10.5. Abbreviations: at, atrium; avc, atrioventricular canal; dm, dorsal mesocardium; ec, endocardial cushion; fg, foregut; ht, heart; lv, left ventricle; oft, outflow tract; sp, septum primum; st, septum transversum.
Tbx20 physically interacts with cardiac transcription factors Nkx2-5, GATA4/5, and Tbx5
Direct physical interactions between transcriptional regulators is one mechanism through which transcriptional specificity is generated, and numerous such interactions between cardiac transcription factors have been documented (Chen and Schwartz, 1996; Hiroi et al., 2001; Kasahara et al., 2001; Lee et al., 1998; Shiojima et al., 1999) . Tbx5, for example, interacts directly with Nkx2-5, underlying an ability to synergistically activate cardiac gene expression (Bruneau et al., 2001; Hiroi et al., 2001) . We assessed whether Tbx20 could physically interact with Nkx2-5, GATA4, and GATA5 in glutathione S-transferase (GST) pull-down assays and found that the Tbx20a-GST fusion protein, but not GST alone, was able to pull down in vitro-translated Nkx2-5, GATA4, and GATA5 in this assay (Fig. 6A ).
Tbx20a-GST did not bind the Oct-family homeodomain transcription factor Oct1 (Fig. 6A) .
To define the region in Nkx2-5 that interacted with Tbx20, we translated a series of Nkx2-5 deletion or frame-shift mutations from synthetic mRNA in vitro (Nkx2-5⌬A-⌬E; Fig. 6B ) and assessed their ability to bind Tbx20a-GST. We found that Tbx20a-GST could bind Nkx2-5⌬A, which lacks virtually all amino acids C-terminal to the homeodomain, and Nkx2-5⌬B, which lacks just the conserved NK2-specific domain implicated in transcriptional modulation (Watada et al., 2000) . It was unable to bind to the other three mutants, the common feature of which was a truncation of the homeodomain from either its N or C terminus (Fig. 6B) . We conclude that an intact homeodomain is necessary for binding of Nkx2-5 to Tbx20. A similar analysis was applied to define the region of GATA4 that interacted with Tbx20. In this case, GST fusion proteins carried either both zinc fingers of GATA4 (GATA4N ϩ C-GST) or its N-terminal (GATA4N-GST) or C-terminal (GATA4C-GST) fingers alone. While GST fusions specific for the combined zinc finger region or isolated C-terminal finger bound to Tbx20a, the N-terminal finger fusion and GST alone did not. We conclude that the C-terminal zinc finger of GATA4 is necessary and sufficient for binding to Tbx20a.
To define the region of Tbx20a that bound to Nkx2-5 and GATA4, we compared pull-down assays using GST fusions carrying the long Tbx20a or short Tbx20b isoforms (see Fig.  1A ), or the Tbx20 T-box alone. Nkx2-5 and GATA4 bound equally well to all three fusions, but not to GST alone, indicating that the interaction was via the T-box (Fig. 6D) .
Binding did not require the C-terminal domain present only in Tbx20a. GATA5 also bound equally well to both long and short isoform fusions (data not shown).
Nkx2-5 and Tbx20 cooperatively activate transcription
To examine the functional significance of the physical interaction of Tbx20 with Nkx2-5 and GATA4 at the transcriptional level, expression vectors for each of these proteins were transfected into COS7 cells either alone or in combination, along with a luciferase reporter construct (3xHA-luc) carrying three tandom high affinity Nkx2-5 binding sites upstream of a minimal thymidine kinase promoter (Ranganayakulu et al., 1998) . Transfections with Nkx2-5 vector induced weak activation of the reporter over Fig. 5 . Analysis of transcriptional regulatory domains in the C terminus of Tbx20a. Growth on selective media of AH109 yeast expressing GAL4 DNA binding domain (DBD) fusion proteins comparing (A) GAL4 DBD only (vector) with full-length Tbx20a and Tbx20b, and the Tbx20 T-box; and (B) GAL4 DBD fusion of the Tbx20 C-terminal domain and a series of deletions mutants. Numerical indicators are amino acids of the C-terminal domain that are present in each mutant. (C) Schematic representation of the GAL4 DBD fusion proteins next to quantitation (ϩ-ϩϩϩ) of their ability for growth on selective media after transfection of expression constructs into yeast (left); with fold activation of a GAL4 DBD-dependent luciferase reporter (relative to luciferase vector alone) after cotransfection of C3H 10T1/2 cells with constructs encoding the Tbx20a fusion protein and deletion series. A GAL4 DBD fused to the strong transactivation domain of the Drosophila homeodomain protein tinman (Tin-GAL4) was used as positive control. ND, not determined. basal levels (Fig. 7A) , as previously published (Chen and Schwartz, 1995; Ranganayakulu et al., 1998) . Coexpression of GATA4 with Nkx2-5 significantly enhanced the level of activation, consistent with previous studies reporting a direct interaction and synergistic collaboration between these factors in certain cell types (Lee et al., 1998; Shiojima et al., 1999) . Inclusion of the Tbx20a vector did not enhance activity in any combination (Fig. 7A) . However, when a vector expressing the short Tbx20c isoform was used, there was further significant enhancement of activity over and about that seen with Nkx2-5 and Gata4 vectors (Fig.  7B) . These data show that Tbx20 and GATA4 can collaborate with Nkx2-5 to synergistically activate transcription in the absence of their specific DNA binding sites. The effects require Nkx2-5-binding to its target site, because a vector expressing an Nkx2-5 homeodomain mutant (Nkx2-5L40P) that cannot bind to DNA (Grow and Krieg, 1998) or associate with Tbx20 (data not shown) totally abrogated collaborative activation of the reporter (Fig. 7C) . The lack of activity of the long Tbx20a isoform in this assay may be due to its low level of expression compared with that of Tbx20c (Fig. 7A,  inset) , or, as shown above, to the presence of a strong transrepression domain in its C terminus. Fig. 6 . GST pulldown analysis of the interaction between Tbx20 and other cardiac transcription factors. GST pulldown analysis using bacterially expressed GST or Tbx20a-GST fusion protein and [
35 S]-radiolabelled in vitro translation products: (A) Nkx2-5, GATA4, GATA5, Oct1; and (B) Nkx2-5 frameshift or deletion mutants (Nkx2-5⌬A-⌬E). Input represents 20% of that used in each pulldown assay. Nkx2-5 mutants are represented schematically in (B) with the conserved Tin domain (TN), homeodomain (HD), and NK2-specific domain (NK2SD) indicated as shaded boxes. Gaps represent deletions. The position of the striped boxes represent out-of-frame extensions to the Nkx2-5 protein due to frameshift mutations or deletions. (C) GST pulldown assays using [ 35 S]-radiolabelled in vitro translated Tbx20a, and bacterially expressed GST and GST fusion proteins carrying both the N-and C-terminal zinc fingers of the GATA4 protein, or the amino-terminal (N) or the carboxyl-terminal (C) zinc fingers alone. (D) GST pulldown assays using [
35 S]-radiolabelled in vitro-translated Nkx2-5 or GATA4 and bacterially expressed GST and GST fusion proteins carrying Tbx20a, Tbx20b, or the Tbx20 T-box.
DNA binding properties of Tbx20
Determination of the preferred DNA binding site of the founding member of the T-box family, brachyury (T), revealed a 20-bp partially palindromic sequence known as the T-site (Kispert and Hermann, 1993) . X-ray crystallography showed that the brachyury T-box can bind to this site as a dimer (Muller and Hermann, 1997) . However, characterised binding sites in brachyury target gene promoters conform only to a 12-bp half palindrome (Casey et al., 1998) , suggesting that in vivo brachyury binds as a monomer to this so-called T-half site. The crystal structure of TBX3 also shows binding to T-half sites as a monomer (Coll et al., 2002) . Other T-box family members have been found to bind to DNA motifs conforming to the T-half site with differing affinities (Carreira et al., 1998; Conlon et al., 2001; Ghosh et al., 2001 ; He et al., 1999; Sinha et al., 2000) . To investigate the DNA-binding properties of Tbx20 compared with those of Tbx5, we performed electromobility shift assays (EMSA) using purified bacterially expressed Tbx20a and Tbx5 GST fusion proteins from which GST had been removed by thrombin cleavage. Tbx5 was able to strongly bind the T-half site, although Tbx20 did not bind at all under the standard EMSA conditions used (data not shown; see Materials and methods). However, when the stringency of the EMSA assay was relaxed (reduced ionic strength of polyacrylamide gel running buffer; Ausubel et al., 1996) , both Tbx20a and the Tbx20 T-box alone were able to bind well to the T-half site (Fig. 8A) . All complexes were competed by preincubation with a 10-fold excess of cold T-half site, but not with a nonspecific fragment.
The atrial natriuretic factor gene (Nppa) is commonly used as a model for transcriptional regulation in myocardium. Nppa expression initially marks forming chamber myocardium in the developing heart (Christoffels et al., 2000) , and its proximal promoter region carries binding sites for Nkx2-5, GATA4/5/6, Tbx5, and serum response factor (SRF), which act synergistically to stimulate transcription in vitro (Hiroi et al., 2000; Lee et al., 1998; Morin et al., 2001 ; Shiojima et al., 1999) . Expression of Nppa is downregulated in the dysmorphogenic hearts of Nkx2-5 and Tbx5 mutant mice Bruneau et al., 2001; Tanaka et al., 1999) . We examined Tbx20 binding to four putative T-box binding sites within the promimal 700-bp promoter region of the Nppa gene using relaxed EMSA conditions (Fig. 8B) . We first tested a site found by others to strongly bind Tbx5 (Bruneau et al., 2001; Hiroi et al., 2001 ) and which spans the core region of T-box binding element 2 (TBE2; Fig. 8B ). In our hands, Tbx5 bound specifically to this site, albeit weakly, while Tbx20 did not bind at all (Fig. 8C) . We then tested a version of TBE2 (TBE2*) with an extended 3Ј region (Fig. 8B) . Tbx5 bound to TBE2* specifically and apparently more avidly than to the TBE2 and T-half sites. Tbx20 also bound specifically to TBE2* (Fig. 8C) . Of the other putative T-box factor binding sites detected within the proximal Nppa promoter, TBE3 (Bruneau et al., 2001 ) and TBE4 bound very weakly to Tbx5, and not at all to Tbx20 (Fig. 8B and C) . We also tested Tbx20 and Tbx5 binding to a putative T-box binding site (Bruneau et al., 2001 ) within the proximal cis-regulatory region of the gene encoding connexin 40 (Gja5), expressed in the myocardium and conduction system of the developing heart (Delorme et al., 1997 ; Moorman et al., 1998) . Tbx5 bound weakly to this site under normal EMSA condition, and Tbx20 bound extremely weakly if at all (data not shown). Conditions of relaxed stringency did not facilitate binding. These studies suggest that Tbx20 can bind to the T-half site and a putative T-box binding site within the The characterised Nkx2 responsive element (NKE) is indicated as an unshaded box. The element to which Tbx5/Nkx2-5 is known to bind strongly (Bruneau et al., 2001; Hiroi et al., 2001 ) (TBE2) is indicated as a black box, and other potential T-half sites (TBE3-5) are represented as shaded grey boxes. TBE1, which is embedded within the previously characterised NKE element (Durocher et al., 1996) and binds Tbx5 weakly (Bruneau et al., 2001) , was not examined. The sequences of the brachyury T-half site and other T-box factor DNA binding sites examined are shown, the box indicating the core consensus sequence and capital letters within the box indicating identity to the T-half site core. (C) EMSA analysis of binding of bacterially expressed Tbx20a and Tbx5 to putatiave T-box factor DNA binding sites shown in (B).
Nppa promoter, but with a much lower relative affinity than Tbx5.
Tbx20 isoforms collaborate with Nkx2-5 and GATA factors on cardiac promoters
The data above show that Tbx20 binds to T-half siterelated DNA binding sites in cardiac promoters, and that direct interaction between Tbx20 and transcription factors Nkx2-5 and GATA4 facilitates positive regulation of cardiac gene expression. To examine this more directly, we transiently transfected COS7 fibroblasts with a reporter construct (pANF-700-luc) carrying the proximal 700-bp promoter region of the Nppa gene (Fig. 8B) linked to a luciferase gene, along with expression vectors for Tbx20a and b isoforms, Nkx2-5 and GATA4, in various combinations (Fig. 9A) . Expression of Nkx2-5 and Tbx20a and c alone stimulated a small increase in activity of the luciferase reporter gene. Activity increased slightly when any two factors were coexpressed. However, the greatest activity was observed when all three factors were present. As observed in experiments described above using a luciferase reporter linked to multimerised Nkx2-5 binding sites (Fig.  7) , the short Tbx20b isoform was much more effective than Tbx20a in stimulating reporter gene activity in the presence of Nkx2-5 and GATA4. In this context, activation occurred in a synergistic manner.
We also tested the proximal promoter region (Ϫ150 to ϩ121) of the Gja5 gene (encoding connexin 40) for activation in the presence of Tbx20a and the other cardiac factors, in this case, in C3H 10T1/2 fibroblasts (Fig. 9B) . While additive effects occurred, no synergistic activation was seen in the presence of all three factors under the conditions used. The same was true when the short Tbx20c isoform was used (not shown).
The developing heart expresses three GATA factors (GATA4, 5, and 6) in spatially distinct patterns in myocardium and endocardium (Charron and Nemer, 1999) . While GATA4 and 6 are coexpressed with Tbx20 in myocardium, GATA5 is the predominant factor expressed with Tbx20 in developing endocardium, and antisense inhibition experiments in vitro suggest an important role for GATA5 in endocardial cell differentiation (Nemer and Nemer, 2002) . We therefore tested whether Tbx20 showed a preference for any of the three cardiac GATA factors using the compromised Gja5 promoter assay (Fig. 9B) . Indeed, Tbx20a and GATA5 synergistically stimulated luciferase activity in the presence of Nkx2-5. This effect required all three factors, and was not the result of a favourable interaction between any two factors alone (Fig. 9C) . Using specific antibodies, all GATA factors were readily detectable after transient transfection of respective expression vectors into COS7 cells (Fig. 9B, inset) . These experiments on the Nppa and Gja5 promoters show that, under appropriate conditions, Tbx20 can collaborate with Nkx2-5 and GATA to stimulate transcription from cardiac promoters in a synergistic manner.
A dominant activity for Tbx20a but not Tbx20b in Xenopus embryos
The transient transcriptional assays described above have demonstrated cooperativity between Tbx20 and other cardiac transcription factors, although they failed to reveal a unique activity for the Tbx20a isoform, even though it carries a strong transactivation and transrepression domain lacking in Tbx20b and Tbx20c. To address this issue further, we explored whether Tbx20 factors could promote changes in morphogenesis and/or gene expression when ectopically expressed in developing Xenopus laevis em- bryos. Recently, a Xenopus orthologue of Tbx20a was identified and shown to be one of the earliest markers of cardiac tissues (DeWitt Brown et al., 2003) . Overall, frog Tbx20a shows 90% aa identity to the mouse protein, including 91% across the C-terminal region.
Xenopus embryos were injected at the four-cell stage, either radially or into one ventral blastomere, with 500 pg of synthetic mRNA encoding HA-Tbx20a or HA-Tbx20b. We coinjected 200 pg of mRNA encoding ␤-galactosidase (LacZ), which served as a lineage tracer. Control embryos were injected with LacZ mRNA only. Injected embryos were allowed to develop until uninjected siblings reached tailbud stages. Radial injection of HA-Tbx20a mRNA disturbed cell movements from gastrulation, leading to foreshortening of the anterior/posterior axis, particularly in the trunk and tail regions (n ϭ 31/47; Fig. 10A ). Ventral injection of HA-Tbx20a mRNA resulted in a high percentage of embryos (48%; 61/128) forming a protrusion or partial secondary axis resembling an additional tail (Fig. 10B) . On rare occasions (2/61), the protrusions contained secondary beating heart tissue (not shown). The effects were specific to HA-Tbx20a mRNA since embryos injected with LacZ mRNA only were normal in every case (n ϭ 95; Fig. 10C ). Likewise, injection of HA-Tbx20b mRNA had no effect on development (Fig. 10D ) in four separate experiments using two different preparations of mRNA and either ventral or radial sites of injection (n ϭ 47). Tbx20a and b isoforms were expressed at comparable levels from injected mRNAs, as shown by Western blotting analysis using an anti-HA antibody (Fig. 10E) .
Histological sections of injected embryos showed that Tbx20a-induced projections consisted mainly of extensions of lateral mesoderm and endoderm (Fig. 10F) . LacZ lineage tracing indicated that only a subset of cells in projections inherited injected HA-Tbx20a mRNA, and these were generally mesodermal and endodermal (Fig. 10F) . Thus, cells expressing ectopic Tbx20a are able to induce recruitment of neighbouring cells not expressing Tbx20a to comigrate and contribute to the secondary axis, indicating that part of the activity of Tbx20a in this assay is cell nonautonomous.
To test whether Tbx20 can induce cell fate changes in injected tissue in addition to migration, we examined mesodermal and endodermal gene expression after injection of Tbx20 mRNAs in explanted Xenopus animal pole caps. Synthetic mRNAs encoding HA-Tbx20a or b were injected into the animal pole of two-cell-stage embryos, and after development to stage 9, animal caps were removed and cultured until sibling embryos reached stage 13. After extraction of RNA, we analysed expression of marker genes using quantitative PCR, and levels were represented relative to those of the ubiquitously expressed gene ODC, encoding ornithine decarboxylase (Fig. 10G) . HA-Tbx20a mRNA induced expression of the early mesodermal marker Xbra and the early cardiac marker Nkx2-5 to levels much greater than detected in uninjected caps, and even greater than that found in whole embryos. The ventral-lateral mesodermal marker vent2 and the endodermal marker edd were also induced to moderate levels (Fig. 10G , and data not shown), but there was no induction of the skeletal muscle marker Myf5, nor the neuronal marker N-tubulin. Tbx20b did not induce any of the genes tested.
Discussion
T-box transcription factors play key roles in development of the embryonic mesoderm, including heart. Tbx5 is crucial for correct differentiation of myocardium and chamber morphogenesis (Bruneau et al., 2001) , while Tbx2 has been implicated as a negative regulator in defining the spatial limits of chamber myocardium (Habets et al., 2002) . Here, we characterise the expression and functional characteristics of Tbx20, a more recently identified member of the T-box family that is expressed in the hearts of vertebrates and invertebrates (Carson et al., 2000; Griffin et al., 2000; Kraus et al., 2001a; Meins et al., 2000) . The data suggest that Tbx20 regulates development in both myocardial and endocardial layers of the mouse heart from early stages, and acts in synergy with other cardiac transcription factors of the homeodomain and zinc finger families, including Nkx2-5, GATA 4, and GATA5.
Expression of Tbx20 in the embryonic heart
Tbx20 was expressed in the cardiac progenitor region, then in myocardium of the early heart tube, initially with prominent zones in its cranial and caudal aspects. The cranial domain may correspond to differentiating cells derived from the so-called secondary or anterior heart field, which contributes to the outflow and possibly right ventricular myocardium in mammals (Kelly and Buckingham, 2002) . In the caudal domain, there was a graded distribution of Tbx20 transcripts along the long axis of the heart tube, with highest levels in the sinuatrial region, an expression pattern similar to that of Tbx5 (Bruneau et al., 1999) . Cells of the sinuatrium are added progressively to the forming heart from lateral mesoderm after the ventricular region has already formed a tubular structure, and its progenitors show delayed expression of cardiac markers such as Nkx2-5 (Redkar et al., 2001) . Correct sinuatrial development requires RA signalling (Niederreither et al., 2001) . We have shown that the caudal-high Tbx20 transcript gradient was diminished in embryos mutant for the Raldh2 gene, which encodes a retinaldehyde dehydrogenase essential for early embryonic RA synthesis, as also found for Tbx5 (Niederreither et al., 2001) . Tbx5 expression is known to be RAresponsive and its precise expression levels are essential for chamber morphogenesis (Bruneau et al., 2001; Liberatore et al., 2000; Szeto et al., 2002) . Our data show that, while RA is not essential for Tbx20 expression in the developing heart, the caudal-high expression gradient of Tbx20, like that of Tbx5, may be established through RA signalling, perhaps involving a morphogen-like mechanism. Given the dose sensitivity of T-box genes in general, these gradients are likely to be critical for correct chamber development (Bruneau et al., 2001; Liberatore et al., 2000) .
The common graded expression of Tbx20 and Tbx5 in myocardium of the early heart tube is suggestive of a common function, and indeed, in zebrafish, Tbx5 is upregulated when expression of Tbx20 (hrT) is blocked by morpholino oligonucleotides (Szeto et al., 2002) . However, phylogenetic tree analysis shows that Tbx20 and Tbx5 are ancient genes that diverged early in the evolution of the T-box gene family (Meins et al., 2000; Papaioannou and Silver, 1998) . Furthermore, other aspects of their cardiac expression are distinct. In mouse, Tbx20 was expressed in the OFT where Tbx5 was not expressed, and Tbx20 expression was much more restricted than that of Tbx5 in the common atrium. Of particular note is that Tbx20 expression was strong in endocardium from early stages of cardiac looping and became strikingly prominent at later stages in endocardial cushions of the OFT, AVC, and leading edge of the interatrial septum primum. Tbx5 was not significantly expressed in endocardial cushions, although limited expression was noted in atrioventricular cushions and forming valve leaflets at later stages of heart development (Bruneau et al., 1999) . However, it is possible that this is associated with the secondary myogenic process of myocardialisation (van den Hoff et al., 1999) . The robust and widespread expression of Tbx20 in endocardial cushions is to date unique within the T-box gene family. Endothelium associated with the AVC and OFT gives rise to cushion mesenchyme through an epithelial-mesenchymal transition, a process regulated by bone morphogenetic proteins (BMPs) and other members of the TGF-␤ superfamily (Nakajima et al., 2000) . Evidence from a number of systems place T-box factors active in early development both up-and downstream of signalling mediated by TGF-␤ members (Smith, 1999) . Abnormal development of cushions is central to pathogenesis in various types of CHD, including transposition of the great arteries, double outlet right ventricle, Tetralogy of Fallot, and AV septal defects, making human TBX20 a candidate CHD gene.
Tbx20 and regulation of cardiac transcription
cDNAs encoding three isoforms of Tbx20 were detected in a murine embryonic heart cDNA library, and the presence of an EST in GenBank suggests an additional isoform. The longest encoded protein, Tbx20a, bears a unique region of 158 aa C-terminal to the T-box, which carries strong transactivation and transrepression domains, defined in yeast and mammalian cells. Its transcript is expressed from the earliest stages of heart development. There are now several examples in which transcriptional regulatory domains are known to reside within the C-terminal region of T-box proteins (He et al., 1999; Kispert et al., 1995; Paxton et al., 2002) . Indeed, removal of the C-terminal region of Xenopus Eomesodermin, VegT, or brachyury abrogates their ability to activate transcription in transfected cells (Conlon et al., 2001) . This is reminiscent of our finding that the C terminus of Tbx20a was essential for inducing changes in gene expression and cell migratory behaviour in Xenopus embryo assays. Enforced expression of Tbx20a, but not Tbx20b, in animal caps led to induction of markers of ventrolateral mesoderm and endoderm, while in whole embryos, Tbx20a induced cellular protrusions carrying extensions of lateral plate mesoderm and endoderm, similar to a partial secondary axis. In these assays, Tbx20a may be inappropriately activating the target genes of other T-box factors expressed during gastrulation (Smith, 1999) . However, the effects demonstrate that Tbx20a can recruit the transcriptional machinery necessary for inducing gene expression and changes in cell behaviour in an in vivo developmental context. The induction of the cardiac marker Nkx2-5 and occasionally a beating phenotype by Tbx20a is suggestive of specific effects on the cardiogenic program, but this requires further analysis in a cardiac context. The presence of both transactivation and transrepression domains in the Tbx20a C terminus points to fine regulation of transcriptional control, perhaps through the availability, translocation, or activity of transcriptional cofactors that bind to these regions of the protein (Hsueh et al., 2000) . Such cofactors for Tbx20 remain to be defined.
We have shown that Tbx20 isoforms are capable of direct and specific binding to the brachyury target DNA sequence (the T-half site) and to a related sequence found in the cardiac-expressed gene Nppa, although with an apparent relative avidity considerably lower than that of Tbx5. Our binding site analysis highlights the fact that DNA base pairs flanking the core T-half site influence tremendously the binding avidity of T-box factors to core sites in vitro (see Fig. 8B and C). Tbx20 may recognise higher affinity T-half sites within its true target genes, although whether such high affinity sites exist remains to be determined. T-box factors with variation at aa position 149 of the T-box have different preferences with regard to the spacing and orientation of T-half site core sequences selected in vitro (Conlon et al., 2001) . However, Tbx20 and Tbx5 both have asparagine in this position, and so their differences in binding affinity must be due to other factors.
An important finding in this context was that Tbx20 associated directly with other cardiac transcription factors, namely, the homeodomain factor Nkx2-5 and zinc finger factors GATA4 and GATA5, using GST pull-down assays. Associations between these factors occurred via their respective DNA binding domains. The functional significance of these interactions was demonstrated in transient transfection assays by the fact that Tbx20 and GATA4 could individually or collaboratively augment the transcriptional activity of Nkx2-5 on a reporter gene carrying only Nkx2-5 binding sites, an effect that was eliminated if a non-DNA binding mutant of Nkx2-5 was used. In the presence of all three factors, activation was synergistic. A similar effect was seen (using GATA5) on a luciferase reporter construct carrying the proximal promoter of the Gja5 gene (encoding connexin 40), to which Tbx20 showed no appreciable binding. Tbx5 and Tbx2 are known to bind directly to Nkx2-5 (Bruneau et al., 2001 ; Habets et al., 2002; Hiroi et al., 2001) , and cooperation between Nkx2-5 and GATA4 in the activation of cardiac promoters is well characterised (Durocher et al., 1997) . In addition to stabilising transcriptional complexes on DNA, interactions between multiple transcription factors may allow individual factors to participate in control of cis-regulatory sequences to which they do not bind directly, or bind only weakly (Wolberger, 1999) . Because Tbx20 and Tbx5 bind the T-half site and related sequences with different affinities, their significant targets may therefore be common or distinct, depending on expression levels, available cofactors, and the conformation and sequence of their binding sites within the regulatory elements of individual target genes. Genetic approaches will be required to determine the extent of overlap between their activities.
It is noteworthy that in our transient assays, the long Tbx20a isoform did not synergise with Nkx2-5 and GATA4 at all, while the short Tbx20b and c isoforms were able to do so. This may be in part because the short Tbx20c isoform was more highly expressed (see Fig. 7A ), although more likely it is because the short isoforms lack the strong transrepression domain that is dominant over the transactivation domain in transfected fibroblasts (Fig. 7) . Thus, the synergy observed between the short Tbx20 isoforms and Nkx2-5 and GATA4 must be viewed in light of the fact that these short isoforms not only lacked the repression domain, but also the strong activation domain. Given that the Cterminal domain of Tbx20a was in fact essential for Tbx20 activity in the Xenopus embryo assays, the in vitro findings potentially highlight the limitations of transient transfection assays in fibroblastic cell lines for dissecting the fine regulatory control of transcription. Alternatively, expression experiments in fibroblasts and Xenopus embryos may be re-vealing different properties of Tbx20 isoforms. An interesting finding in this light was that, of the three cardiac GATA factors, GATA5 did show synergy with the long Tbx20a isoform in vitro. Tbx20 and GATA5 are coexpressed in the endocardium, and GATA5 has been implicated in endocardial development (Nemer and Nemer, 2002) . The data suggest a special regulatory relationship between these two factors that may be unique to their roles in endocardial development.
